This state-of-the-art value outperforms bulk piezoelectric ceramics and composites with randomly dispersed particles, and is comparable to the values reported for the piezoelectric polymers PVDF and P(VDF-TrFE). Optimized composite films are incorporated in flexible piezoelectric touch sensors. The high sensitivity is analyzed and discussed. As the fabrication technology is straightforward and easy to implement, applications are foreseen in flexible electronics such wireless sensor networks and biodiagnostics.
Introduction
Piezoelectric materials have the remarkable ability to convert tensile and compressive stresses into electric charge, and vice versa. Applications that make use of the direct effect, where mechanical stress yields an electric voltage, or of the converse piezoelectric effect, where an electric voltage is generated upon mechanical deformation, are widespread and range from actuators, through sensors, to energy harvesters. [1] [2] [3] [4] Here we use piezoelectric materials to realize a sensitive, flexible touch sensor, where a voltage is generated upon a dynamical change in applied force.
When a piezoelectric capacitor is poled perpendicular to the electrodes, and stressed and charge tapped in the same direction, a short circuit current, I SC , is generated:
where Q is the generated charge, ΔF/Δt is the change in applied force over time, and d 33 
where C is the capacitance, A the area and l the thickness of the capacitor. ε 0 is the permittivity of free space and ε r is the relative dielectric constant of the piezoelectric material. Most piezoelectric materials consist of inorganic ceramics. They exhibit large piezoelectric charge coefficients, over 500 pC N -1 , but the high value of the dielectric constant severely limits their piezoelectric voltage coefficient. [5, 6] Furthermore, ceramics are inherently brittle and, therefore, cannot be applied in a flexible touch sensor. To that end a piezoelectric polymer is required. [7, 8, 9] We note that high values of the voltage coefficient have been reported for ferroelectret polymers, i.e. soft electroactive films, [10] [11] [12] but applications are hampered by discharging at elevated temperature. [13] The most widely studied, [14, 15] commercially available, [16] polymer is the piezoelectric homopolymer polyvinylidenefluoride (PVDF) and its random copolymer with trifluoroethylene (P(VDF-TrFE) kV. Another drawback is the low Curie temperature, which for the commonly used copolymer P(VDF-TrFE) (65/35) is only 100 °C.
Hence, there is a need in flexible electronics for a touch sensor that combines the mechanical flexibility of a polymer with a high piezoelectric voltage coefficient and a low coercive field.
Here we show that a solution for this material selection problem can be provided by aligned ceramic-polymer composites. Random composites are hardly piezoelectric as an applied electric field is confined by the low dielectric constant of the polymer matrix. [17] [18] [19] [20] [21] However, upon aligning ceramic particles in a polymer matrix, the piezoelectric charge coefficient dramatically increases. As the dielectric constant of the composite film remains small, dominated by that of the matrix, the system can exhibit a large g 33 value.
Dielectrophoresis has proven to be a well-suited technique to align a piezoelectric ceramic filler as the active phase, into a low dielectric polymer matrix as passive phase. [22] [23] [24] Aligned composite films have been reported with piezoelectric voltage coefficients attaining 120 mV m N -1 . [25, 26] The Curie temperature remains, in first order approximation, that of the ceramic filler. The main drawback of these composites is that the voltage coefficient lags behind that of PVDF and of P(VDF-TrFE).
To improve the piezoelectric voltage coefficient, we use composites consisting of a piezoelectric ceramic filler inside a low stiffness matrix of polydimethylsiloxane (PDMS). As filler we use lead-free alkaline niobate microcubes, K 0.485 Na 0.485 Li 0.03 NbO 3 (KNLN), [27] [28] [29] [30] rendering the touch sensor biocompatible. A state-of-the-art high piezoelectric voltage coefficient of 220 mV m N -1 is realized by aligning the piezoelectric particles using dielectrophoresis. The implementation in a sensitive touch sensor is demonstrated and the system performance is analyzed and discussed.
Fabrication of KNLN-PDMS composite films
KNLN-PDMS composite films [31] [32] [33] [34] [35] angle of 88 ° which implies almost perfect alignment. We did not examine MHz range alignment, since the attained phase angle was already near perfectly out of phase.
As can be seen in Video S1 in the Supporting Information, in the first 10 s, the KNLN microcubes reorient themselves parallel to the electric field lines. Subsequently, the cubes slowly link up into parallel chains. Effective alignment takes place in 60 s and no further particle movement can be distinguished.
After alignment, the composites were cured at 100 °C for 1 hour. The dielectrophoretic field remained turned on to prevent particle sedimentation. The particle alignment in the composite film can be inferred from the SEM micrograph of Figure 1b . The micron sized KNLN cubes are almost perfectly oriented in bi-continuous parallel chains, between the electrodes.
After curing, Au electrodes were applied on both sides of the films with a sputter coater (Quorum Q300T, East Sussex, UK). A photograph of the composite film is presented in Figure 1c . As prepared films are not piezoelectric as the ferroelectric polarization is not aligned. To render the films piezoelectric they were poled in a silicone oil bath at 150 °C, for 6 min at 7.5 kV mm -1 . We note that this field is an order of magnitude lower than the coercive field of PVDF. Afterwards the films were cooled to ambient temperature in the presence of the poling field, and aged at room temperature for at least 24 hours before (piezo)electric measurement. composites. This value is more than one order of magnitude higher than that obtained for randomly dispersed particle composites [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [31] [32] [33] [34] [35] and on par with the values reported for the piezoelectric polymers PVDF and P(VDF-TrFE). [14] [15] [16] The explanation for the increase in g 33 is that d 33 strongly depends on the intra-chain connectivity, while ε r is a bulk property, proportional to the fill factor but almost independent of the microstructure. In random composites with low volume fractions of ceramic particles, the electric field is confined in the low dielectric constant polymer matrix. There is no electric field over the piezoelectric particles, which explains why d 33 in random composites is very small.
Piezoelectric constants of composite films
There are many models to describe the dependence of ε r and d 33 on the volume fraction of two phase random ceramic-polymer composites. [36] Here we use the Yamada model, given by Equation 3 and 4 as: [21] ( ) 
where ϕ is the volume fraction of the ceramic particles and n is their aspect ratio, or shape factor. The sub-indices 'p' and 'c' stand for polymer and bulk ceramic respectively. The composite films are fully poled; hence the poling efficiency, α, is taken as unity. For the bulk values we use: a d 33c of 125 pC N -1 , ε 33c of 400 and ε p of 3.9.
[ [27] [28] [29] [30] The dotted lines in Figure 2a and 6 as: [22, 24] ( ) 
where R is the intra-chain connectivity, which is equal to the ratio of the mean particle size (d50) over the mean inter-particle distance within the bi-continuous chains. The fully drawn lines in Figure 2a ,c represent simultaneous fits of d 33 and ε r to the experimental data. A good agreement is obtained for an intra-chain connectivity of 13. This value translates to a mean inter-particle distance in the aligned, percolating chains of less than 1 μm in fair agreement with the inter-particle distance observed in SEM micrographs (see Figure 1b) . The dielectrophoretic alignment has a staggering effect on d 33 . At 10 vol.% of filler, the value increases ten fold from 1.5 to 17 pC N -1 , which is due to the local increase in intra-chain connectivity leading to bi-continuous percolating paths.
In contrast to d 33 , the dielectric constant, ε r , experiences only a marginal increase due to alignment of the particles. The dielectric constant is dominated by that of the polymer matrix, does not depend on details of the microstructure, and increases linearly with the volume fraction of ceramic particles (see Figure 2c) . Consequently, as shown in Figure 2b , the piezoelectric voltage coefficient, g 33 , exhibits a maximum at very low volume fraction, around the percolation threshold.
Flexible touch sensor performance
For the aligned films with 10 vol.% KNLN that exhibit the optimal, state-of-the-art piezoelectric voltage coefficient, we examined the voltage output as a function of excitation form, pulsed or sinusoidal, applied force, frequency and temperature. We used a film with a thickness of 1.1 mm. The top two panels in Figure 3a show the force and the output voltage Figure S1) . Furthermore, the voltage output is almost temperature independent. Figure 3c shows the open circuit voltage at temperatures from -10 to 50 °C; under a peak to peak excitation of 5 N the voltage remains at a steady level of about 16 V. This is expected as the voltage coefficient of KNLN is temperature independent far below the Curie temperature, which is about 420 °C, [27] [28] [29] [30] and the measurements are performed far above the glass transition temperature of PDMS of -120 °C and well below the onset of decomposition at 200 °C.
Furthermore the composite films are mechanically flexible. All the films exhibit elastomertype behavior, with a Young's modulus of only 8.6 MPa, and a strain at break of 210 %.
These values are similar to that of the elastomeric homopolymer PDMS, which is not surprising as the loading level is only 10 vol.%.
As the overall performance of the composite films is stable with time, frequency and temperature, and as the films are mechanically flexible, they could be integrated into a flexible, touch-sensitive patch, as shown in Figure 4 . The flexible sensor patch contains three distinct 10 vol.% aligned KNLN-PDMS sensor buttons, which can be individually tapped.
Each piezo button is terminated with a 10 MΩ load and this output voltage is amplified with 208x gain, as shown on the handheld oscilloscope. To suppress unwanted, out-of-band electrical noise the signal bandwidth is reduced by integration in the piezo's own capacitance and further limited with the bandwidth of the amplifier circuit. To improve the signal integrity, all connections are electronically shielded on both sides by Al tape stuck to a thin sheet of (pink) polyethylene. Figure 4 shows that upon touching the sensor, a clear output signal is produced on the oscilloscope. Even light tapping of the piezo button generates enough voltage to accurately distinguish variations in touch intensity and speed (see Video S2). We note that adding a dielectrophoretic processing step to arrive at a ceramic-polymer composite film is straightforward. Effectively a dense, flexible and large-area composite film can be produced in any shape that can be implemented into a flexible touch sensor.
Summary and conclusion
In summary, piezoelectric, flexible films were fabricated by dispersing lead-free piezoceramic K 0.485 Na 0.485 Li 0.03 NbO 3 (KNLN) microcube powder into an elastomeric PDMS matrix. Before curing the films, the particles were aligned using an oscillating dielectrophoretic field. The dielectric constant of the composite films, ε r , is almost independent of the microstructure, dominated by that of the PDMS matrix and increases linearly with filler fraction. On the other hand, upon aligning, the piezoelectric charge coefficient, d 33 , increases more than ten fold, up to 17 pC N -1 . Quantitative analysis has shown that the origin is a reduction of the inter-particle distance to under 1.0 µm in the aligned bi-continuous chains. The piezoelectric voltage coefficient, g 33 , exhibits a maximum value of 220 mV m N -1 , at a volume fraction of only 10 %. This value is more than one order of magnitude higher than that obtained for randomly 
Experimental Section
K 0.485 Na 0.485 Li 0.03 NbO 3 (KNLN) powders were prepared as described previously [25, 26] 
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